
  Unobscured Telescope Trade 
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•  Outline 
–  Issues and liens on JDEM-Ω	  
–  Pros	  and	  cons	  for	  unobstructed	  aperture	  telescope	  
–  Review	  of	  trade	  space	  among	  various	  unobscured	  3-‐mirror	  
anas;gmat	  (uTMA)	  op;ons	  that	  we	  have	  explored	  

–  Example	  design:	  focal	  imager,	  three	  channel,	  unobscured	  
analog	  to	  J-Ω	  
•  Field	  layout	  
•  Performance:	  field	  area,	  imaging	  quality,	  mass/volume	  

•  Packaging	  
•  Comparison	  table	  

–  Trade	  space	  remaining	  for	  op;miza;on	  
•  Backup:	  	  Cold	  Masking	  comparison;	  uTMA	  heritage	  charts;	  

throughput	  	  
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Issues & Liens on Omega 
•  Large secondary baffle reduces 

MTF and throughput 
•  On axis form requires large field 

bias to get beam clearance at 
intermediate focus 

•  Residual errors still a substantial 
fraction of total error budget 

•  Long axes of fields not aligned; 
complicates sky tiling schemes 

•  Spider diffraction increases 
confusion in crowded fields 

•  Additional throughput loss if pupil 
mask needed to keep stray light 
and thermal radiation out of 
instrument 
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JΩ	  CAD	  layout	  showing	  large	  SM	  baffle 

JΩ	  Field	  layout	  and	  comparison	  w/	  HST,	  JWST,	  Moon 



Probe work suggested uTMA as alternate 

•  During the Probe exercise 
we realized many of these 
issues could be alleviated 
using an unobstructed 
aperture 

•  Probe design closed on 
1.1m uTMA 

•  Discussions with vendors 
suggested 1.3m aperture 
as upper limit for the 
WFIRST cost range 

•  Equivalent cost to 1.5m 
oTMA 

•  1.3m uTMA has equivalent 
throughput to 1.5m oTMA 

•  Resolution is roughly 
equivalent – lower 
resolution and higher MTF 

•  Sampling is closer to 
Nyquist at 0.18”/pixel 
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Probe “A1”  CAD layout, 1.1m uTMA 



Pros and Cons 

Pros for uTMA 
•  Beam clearance simpler 

–  Instrument packaging simpler 
•  No spider diffraction 
•  Overall lower integration time for 

same limiting flux 
•  Tiling improved for galaxy 

surveys 
•  Simpler pupil mask if needed, 

less throughput loss 
•  Shorter baffle 

–  Lower payload volume 
•  Can use lower field bias angles 

Cons for uTMA 
•  Some tolerances may be tighter 
•  Need to slow down PM to keep 

asphericity w/in fabrication limits 
•  Less flight experience than oTMA 
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uTMA trade space 
•  Starting in ~Nov2010 we 

explored >12 options including 
variables such as 

•  Telescope form: imager/
spectrometer Focal/Focal, afocal/
afocal, focal/afocal [aka hybrid], 
respectively 

•  1 or 2 spectrometer channels 
•  Reflective & refractive cameras 

for afocal case 
•  Fixed or adjustable dispersion 

direction on the sky 

•  Previously presented several 
examples of these to SDT: 
–  SDT1:  afocal 2 channel, 2 

reflective cameras 
–  SDT2: afocal 3 channel, 

refractive SpC cameras 
•  Some options had good imaging 

but not shown for packaging or 
lens size reasons 
–  Adjustable dispersion direction 
–  Focal spectrometer with focal 

reducer before focal prism 
•  Focal imager strongly preferred 

for simplicity and stability 
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Example design  “4c3”: 3 channels, all focal 

•  Focal imager, two copies of spectrometer 
•  Imager layout 7x4 H2RG at 0.18” plus 4 outrigger H2RG for fine 

guidance system 
–  1/6th more field than J-Ω ImC 

•  Spectrometers each 2x2 at 0.45”/pixel 
–  Same field as J-Ω SpC’s 

•  Two working examples with hybrid (afocal SpC) and all focal (SpC uses 
focal prisms) 

•  Tightest budget channel (ImC) is focal, minimum # powered mirrors 6 



ImC performance 

•  Field map at 1um 
•  Spot diagram 
•  Rms vs wavelength 

–  Export to excel/overlay w/ 
Omega to show improvement 

•  Eccentricity map if we can get 
that done 
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Red is 19nm, ~7% of 71nm 
budget in RSS sense 

Wavefront comparison – Red: 4c3; Black:  JΩ 



ImC layout 

•  Pupil size is 116 mm diam. 
•  Filters designed as  8mm thick plano CaF2 substrates 
•  4 fold mirrors 
•  Focal plane is placed close to radiator position 
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SpC performance 

•  Box plot comparison to 
JΩ 

•  Spot diagram 
•  Dispersion plot 
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Good margins against top level wavefront requirements 

Diffraction limited across band of use Dispersion is within range across band 



SpC layout 

•  Pupil size is ~116 mm diam. 
•  prisms designed as focal prism triplet CaF2/S-TiH1/CaF2 

–  1st prism input side has mild conic; last prism output side has slight 
toroid 

–  140mm diameter aperture 
–  We would need to rad-hard qualify S-TiH1 [Ohara analog to rad-

hard Schott glass but with better NIR transmission] 

•  3 fold mirrors 
•  5-lens focal reducing system to adjust to 0.45”/pixel; 

152mm diameter aperture 
•  Focal plane is placed as close to cold side as layout 

permits 

10 



SpC layout 

11 

PM 

SM 

TM 

2 folds 
Field stop 

F3 

5 spherical lenses 

3 focal prisms 
Cold stop/pupil mask 

Focal plane 



To-Scale optical layout comparison w/ Omega 
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Cold side is toward top of page; 

Plane of view is Imager plane of 
symmetry 



Comparison table 
•  1st column is JΩ	  as	  used	  

in	  RFI 
•  2nd column just shows 

update to project basis 
for optics weight 
estimates, consistent 
w/ WFIRST options 

•  Other columns are 
concepts shown at 
previous SDT meetings 

•  Weight is ~10kg more 
•  ImC residual lower, 

SpC similar 
•  More compact volume 
•  2 fewer components 

13 



Work still to be done 

•  Packaging vs wavefront error and 
I&T complexity 
–  May be able to move TM & FPA 

of imager down at modest cost to 
wavefront margin 

•  Placement of back focus and 
distribution of magnification in 
telescope for robust tolerances 
for both alignment & stability 

•  Complexity vs. # of focal reducer 
lenses [currently 5 spheres]; try 
for 4 with minimum # conics or 
aspheres 

•  Adjustment of SpC design 
residual wavefront errors against 
flowdown of requirements 
(wavelength weighting) 

•  SN spectroscopy focal prism 
–  element on ImC filter wheel 

•  Auxiliary guiding capability when 
ImC doing SN spectroscopy 

•  Alternate Hybrid SpC option 
“14c3”: 3-mirror collimator after 
PM-SM telescope front end; 
plano prisms, and refractive or 
reflective camera [for ea. SpC] – 
nearly completed 

–  Imager is focal, same layout as 4c3, 
minor differences vs. ImC shown 
here 
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Summary 

•  This option provides: 
–  The same geometric area as 

JΩ 
–  Better psf and MTF than JΩ 
–  Therefore lower integration 

time to same depth 
–  17% larger field at same 

0.18”/pixel sampling in 
imaging channel [7x4 vs. 6x4] 

–  Same FOV in 2 slitless 
Spectroscopy channels (2
(2x2) at 0.45”/pixel) 

–  Same science pixel count as 
JΩ 

–  Smaller payload volume 
–  Improved wavefront error 

margin 

–  Likely smaller payload mass 
–  Superior stray light rejection 

•  Easier to expand field of regard, 
at least for stray light 

–  Lower throughput loss for 
pupil mask 

–  Improved tiling efficiency 
•  uTMA does have lower heritage 

but we consider this engineering, 
NOT technology development 
–  Probe ICE agreed with this 

for 1.1m uTMA 

•  We request you 
consider it for the 
baseline for the DRM 
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Backup charts 

•  Pp 17-22:  Cold Masking 
comparison 

•  Pp 22-41:  uTMA examples 
•  Pp. 41-46 JΩ	  &	  4c3 

throughput estimate 
including pupil masking 
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This & next 4 slides show results of careful masking of 
JΩ;	  similar	  analysis	  for	  4c3	  then	  added	  on	  last	  pg. 
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1st of 4 stages: find exact ImC pupil location 
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2nd of 4 stages; elliptical inner & outer ImC pupil masks 
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3rd of 4 stages, do same as stage 1 for SpC 
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4th of 4: same as stage 2 for SpC 
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Summary of masking results 

•  JDEM-Omega: 
–  ImC: 

•  SM baffle and spiders lose 26.24%, 100%-> 73.76% 
•  Inner & outer pupil elliptical masks and spiders lose 9.96%, 73.76%-

>63.80% 
–  SpC: 

•  Spiders & SM baffle: 73.77% 
•  Inner & outer pupil elliptical masks and spiders lose 11.98%, 73.77%-

>61.79% 
•  4c3: 

–  ImC:   outer pupil elliptical mask loses 5.08%, 100%->94.92% 
–  SpC:   {preliminary} can mask w/ losses ≤ 9.57% 

•  I will generate updated masked throughput files for each as I can 
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Examples of unobstructed aperture space 
telescopes 

   D. Content/ WFIRST optics lead 
•  LDCM OLI [Landsat data continuity mission, operational land imager] 

–  0.7m largest mirror 
–  Built by BATC on contract to NASA GSFC 

•  Worldview [1 & II] 
–  0.6m aperture 

•  EO-1 
–  0.46m largest mirror 
–  Built by SSG on contract to NASA GSFC 

•  [JPL direct experience] SIM Brassboard Optical Beam Compressor 
•  None encountered alignment or stability problems 

•  Finally I add here a tolerance comparison between two TMAs 
–  Comparing PM-SM 6 DOF positioning stability 
–  JDEM-Ω	  imager	  
–  “4”	  [focal	  3	  channel]	  imager 23 



Example 1 of unobstructed aperture space telescopes 

•  LDCM OLI [Landsat data continuity mission, operational land imager] 
–  Designed by M. Dittman/Ball [also initiated design of Omega on 

contract to GSFC JDEM project] 
•  OLI is built and ready to deliver, will launch in 2012 
•  4-mirror camera system 

–  Largest mirror 0.7m 
–  Similar materials & temperatures to WFIRST 
–  Some tighter requirements [visible operating band] 

•  Assembly and alignment went very smoothly 
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25 http://download.ittvis.com/groups/VISualize_2010/VISualize_JIrons.pdf 

15° cross track FOV 
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  Block diagram shows schematic of optical path 

http://events.eoportal.org/presentations/129/10001248.html 



Built performance matches design 

•  OLI alignment was uneventful and 
completed in less time than 
budgeted [1]; mechanical accuracy 
placement and gang alignment 
against computer models of field 
aberrations was used  

•  Top row of top figure is MTF model 
before alignment; Top row of bottom 
figure is as-built MTF, matching 
model 

•  [1] M. Dittman, personal communication (2010). 
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Figures taken from SPIE2010 paper: 
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2nd example – WorldView1&2 
•  The optical subsystem, mounted on an 

optical bench (with sunshield and internal 
baffling to suppress stray light), is of Ball 
design (telescope aperture of 60 cm 
diameter, lightweight structure, focal length 
of 8.8 m, f/14.7, the telescope mass is 138 
kg, telescope size: 115 cm x 141 cm x 195 
cm), providing a FOV (Field of View) of 
2.12º, obtained with an unobscured off-
axis three-mirror-anastigmatic (TMA) 
optical form. A fourth mirror is used to fold 
the light bundle for compact telescope 
packaging.  

•  Aperture size is 60cm 

29 BATC photo of WorldView1 



This system also met specs and is still operating in 
space – ‘Google Mapping’ commercial remote sensors 
•  DigitalGlobe [Wordview 1] 

delivered its first sample set of 
high-resolution images on Oct. 
15, 2007 

•  2nd instrument launched in 2009 
•  Both are still operating 
•  Ball personnel who designed 

and executed the alignment 
plan for these assured us it went 
well and we could expect the 
same for WFIRST. 
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3rd example --Earth Observer-1 [EO-1] 
Advanced land imager 

•  Reflective Cooke triplet 
form 

•  Off-axis aperture 
–  Off-axis in field also 

•  Wide field: 1.3x15° 
•  No intermediate image 
•  Aperture stop on secondary 
•  Near telecentric 
•  Flat image plane 
•  Low distortion 

–  PM: CC general asphere; SM 
CX ellipsoid; TM: cc sphere 
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Performance met requirements 
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EO-1 Mission was launched on a Delta II rocket from 
Vandenberg Air Force Base on November 21, 2000 

•  The mission had a design life of 18 months and a nominal life of 12 
months. 

•  It is still operational 
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SIM Brassboard Optical Beam Compressor 

•   presented by Renaud Goullioud/WFIRST JPL telescope lead 
–  Worked on these SIM milestone tests, direct experience with uTMA 

alignment 

34 



SIM Brassboard Optical Beam Compressor 
•  Developed by JPL for SIM Technology Milestone 8. 
•  Unobscured Afocal TMA (with fold mirror), 350mm clear aperture, 

7:1 compression ratio. 
•  Fixed Primary Mirror, 6 degrees of freedom mounts on M2, M3 and 

Fold. 
•  Once the optics were installed in their mounts, optical alignment 

took less than 2 weeks using SSG deterministic approach. 
•  Built a Finite Element Model (bench, M1,M2): ~526,000 nodes. 
•  Conduct model validation in TOM3 testbed (thermo-vac tesing). 



SIM Beam Compressor Development 

Composite bench built by ATK 

Telescope Alignment done by SSG 

Optics built by Tinsley 

Mirror mounts built at JPL 



Sat 05/28 Sun 05/29 Fri 05/27 

TMA Compressor Optical Tests in Thermo-Vac chamber 

Optical Power (nm PV) 

Temperature (K) Compressor thermal response: 
Best fit is 8nm PV/K (double-
path), 
4 nm PV (single-path). 

Model prediction for single-
path optical power change 
was 4.98 nm/K 



Primary mirror optical distortion due to 
mechanical mount stress 

Analytical Results 
P-V = 14 nm/oK 

Measured Results 
P-V = 14.3 nm/oK 



50% 
Obstructed 
1.5m Omega 

Units = nm wfe/um perturbation OR  um wfe/urad perturbation 

Z = axis of SM 

Unobstructed is ~ 2x to 4x more sensitive (RMSWE metric); harder 

Coefficient:    1.5    2.5     6.3          1.7   1.2      0 

Coefficient:    0.60             0.61     8.8         0.68  0.63      0 

This is for an older version of design “4” [2(2x2) SpC@0.477”/
pixel, 7x4 ImC @ 0.18”/pixel] 

Secondary Mirror Wavefront Stability Sensitivities (No 
Boresight) 

3/10/2011 JM Howard 39 

Unobstructed 
1.3m “4” 

Linear positioning stability Angular positioning stability 

Larger is worse, ie more wavefront error per unit perturbation 



Units = m/m  m/rad 
Unobstructed 1.3m “4” is less sensitive than 1.5m 50% obstructed Omega 
(~ 20% less for tilts) ...  
Likely due to SM having less magnification for Unobstructed. 

SM position errors SM angular errors 

Chief Ray Sensitivities 
(i.e. Boresight) 

3/10/2011 JM Howard 40 



Updated JΩ	  throughput	  w/	  pupil	  mask	  -‐	  ImC 
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Updated JΩ	  throughput	  w/	  pupil	  mask	  –	  SN	  prism	  in	  ImC 

42 



Updated JΩ	  throughput	  w/	  pupil	  mask	  -‐	  SpC 
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4c3 throughput w/ mask - ImC 
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4c3 ImC w/ SNe prism 
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4c3 throughput:  SpC 
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